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ABSTRACT
KOI-3890 is a highly eccentric, 153-day period eclipsing, single-lined spectroscopic bi-
nary system containing a red-giant star showing solar-like oscillations alongside tidal
interactions. The combination of transit photometry, radial velocity observations, and
asteroseismology have enabled the detailed characterisation of both the red-giant pri-
mary and the M-dwarf companion, along with the tidal interaction and the geom-
etry of the system. The stellar parameters of the red-giant primary are determined
through the use of asteroseismology and grid-based modelling to give a mass and ra-
dius of M? = 1.04 ± 0.06M and R? = 5.8 ± 0.2R respectively. When combined with
transit photometry the M-dwarf companion is found to have a mass and radius of
Mc = 0.23 ± 0.01M and Rc = 0.256 ± 0.007R. Moreover, through asteroseismology
we constrain the age of the system through the red-giant primary to be 9.1+2.4−1.7Gyr.
This provides a constraint on the age of the M-dwarf secondary, which is difficult to
do for other M-dwarf binary systems. In addition, the asteroseismic analysis yields an
estimate of the inclination angle of the rotation axis of the red-giant star of i = 87.6+2.4−1.2
degrees. The obliquity of the system—the angle between the stellar rotation axis and
the angle normal to the orbital plane—is also derived to give ψ = 4.2+2.1−4.2 degrees show-
ing that the system is consistent with alignment. We observe no radius inflation in the
M-dwarf companion when compared to current low-mass stellar models.
Key words: binaries: eclipsing– asteroseismology – stars: fundamental parameters –
stars: evolution – techniques: photometric
1 INTRODUCTION
Over the past decade, there has been a space-based revolu-
tion courtesy of the Kepler (Borucki et al. 2010) and CoRoT
(Baglin et al. 2006) missions. The study of solar-like oscilla-
? E-mail: kuszlewicz@mps.mpg.de
tions—those excited and damped by near-surface turbulent
convection—had long been confined to the Sun save a few
rare cases; for example: Arcturus (Smith et al. 1987), Pro-
cyon (Brown et al. 1991; Arentoft et al. 2008; Bedding et al.
2010), and αCenB (Kjeldsen et al. 2005). The long-baseline,
high-quality datasets available as a result of these space mis-
sions have resulted in a golden-age for the field, with oscilla-
c© 2018 The Authors
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tions detected in hundreds of solar-type stars (e.g. Chaplin
et al. 2014) and thousands of red giants (e.g. Hekker et al.
2009; De Ridder et al. 2009; Hekker et al. 2011; Mathur et al.
2016; Yu et al. 2018).
Eclipsing binary systems in which the primary compo-
nent is a red-giant star showing solar-like oscillations are
relatively rare. Asteroseismology gives an unprecedented op-
portunity to better characterise these systems (Hekker et al.
2010; Frandsen et al. 2013; Gaulme et al. 2013, 2014, 2016;
Beck et al. 2014a; Miglio et al. 2014; Brogaard et al. 2016;
Rawls et al. 2016; Benbakoura et al. 2017; Brogaard et al.
2018; Themeßl et al. 2018). The detection and character-
isation of stellar oscillations not only allows inferences to
be made about the internal processes of stars (Mosser et al.
2012; Montalba´n et al. 2013; Eggenberger et al. 2017; Hekker
et al. 2018), they also allow access to other properties of the
star such as ages (e.g. Soderblom 2010; Miglio et al. 2013;
Silva Aguirre et al. 2018) and the stellar inclination angle
with respect to our line of sight (e.g. Huber et al. 2013; Lund
et al. 2014; Campante et al. 2016; Kamiaka et al. 2018; Kus-
zlewicz et al. submitted and references therein).
Amongst the many stars observed with Kepler, a new
class of eccentric, ellipsoidal binary systems was discovered
that showed photometric tidal distortions (Welsh et al. 2011;
Thompson et al. 2012a). The distinct, ellipsoidal variations
seen in the light curve are a result of the large tidal dis-
tortions of the surface of the star during periastron which
leads to their name, “heartbeat” stars. The theory behind
these tidal distortions was derived by Kumar et al. (1995)
and it was shown that the morphology of these distortions
can lead to constraints on the inclination of the orbit, ec-
centricity, and argument of periastron without the need for
an eclipse to be observed.
It is possible to find heartbeat systems where one com-
ponent is an oscillating red giant. Beck et al. (2014a) anal-
ysed 18 such systems where the primary star was a red gi-
ant showing solar-like oscillations, of which only three were
eclipsing and two had determined mass fractions. Heartbeat
systems that show solar-like oscillations are of considerable
value because, when combined with possible radial velocity
data, they can be characterised in great detail. Since they
provide constraints on the eccentricity and inclination of the
orbit, even when the system is not eclipsing these important
parameters can be derived. If the systems are also eclipsing
this can help improve constraints even more. This is partic-
ularly the case as there is a tendency for heartbeat stars to
have low-mass companions, and so obtaining radial veloc-
ities for each component in the system is difficult. Having
another means to infer the properties of the primary star,
such as asteroseismology, is invaluable since this can propa-
gate through to tighter constraints on the secondary star.
In addition to observing hearbeat systems where one
component was an oscillating red giant, one star (KIC
5006817) in the sample of Beck et al. (2014a) was identi-
fied as being a red-giant+M-dwarf binary system. However
unlike the system in this work, it was not an eclipsing sys-
tem and the orbital parameters of the system were instead
inferred from the heartbeat signal. Gaulme et al. (2016) had
three such red-giant+M-dwarf systems in their sample, all
of which were eclipsing, and used the asteroseismic scaling
relations to derived the physical properties of the primary
and secondary components. In this work, we are the first to
apply grid-based modelling to these types of red-giant+M-
dwarf systems with an oscillating component that are both
eclipsing and show heartbeat signals.
Precise constraints on the inclination angle of the orbit
in an eclipsing (or transiting) system through the analysis
of the heartbeat signal can be combined with knowledge
about the inclination angle of the star (through, for exam-
ple, asteroseismology; Pesnell 1985; Gizon & Solanki 2003)
to constrain the obliquity of the system1. The obliquity is
an important parameter for understanding binary systems
because it can help shed light on formation mechanisms (e.g.
Bonnell et al. 1992; Bate et al. 2010) and the dynamical evo-
lution of the systems (Mazeh & Shaham 1979). The most
extensive investigation into the obliquities of eclipsing bi-
nary stars has been performed by the BANANAs project
(Albrecht et al. 2007, 2009, 2011, 2013, 2014). During these
investigations, five systems were studied using the Rossiter-
MacLaughlin effect (see Winn 2007 or Gaudi & Winn 2007
for an overview) to derive the sky-projected obliquity2 of
each star in the binary. All of the binaries analysed were
close-in, with orbital periods in the range of ∼ 6−16 days, of
which two are misaligned (CV Vetorum and DI Herculis) and
the others are consistent with alignment. Heartbeat systems,
on the other hand, can have orbital periods larger than ∼100
days, and their companions tend to be low-mass (and so
they are likely to be single-lined spectroscopic systems), any
measurement of the Rossiter-MacLaughlin effect would be
very difficult, if not unobtainable with current instruments.
Therefore, to determine the obliquity, the system needs to
be eclipsing and the inclination angle of the star must have a
measurement. In the case where the primary is an oscillating
red-giant this becomes possible through asteroseismology.
In this work we aim to derive the properties of the com-
ponents of an eclipsing binary system through the use of
asteroseismology, eclipse fitting and radial velocity analysis.
In addition, we aim to constrain the geometry of the system
by inferring the inclination angle of the red giant primary
to then obtain the obliquity of the system, which gives in-
formation as to whether the system is aligned.
2 OBSERVATIONS
KOI-38903 (KIC 8564976) was initially identified as a possi-
ble evolved-host planetary system based on Kepler data us-
ing the NASA Exoplanet Archive (Akeson et al. 2013). When
the transit depth (from the archive) was combined with the
stellar radius, the resulting radius for the secondary clearly
indicated the object is a stellar companion. The potential
binary star nature of this system was first suggested in Lillo-
Box et al. (2015), who collected 22 radial velocities using the
CAFE spectrograph (Aceituno et al. 2013). While the phase
coverage in Lillo-Box et al. (2015) is limited, the authors
place constraints on the minimum eccentricity e ≥ 0.33 and
minimum radial velocity amplitude K ≥ 2.5 kms−1, which
1 The true obliquity (as opposed to the sky-projected obliquity),
ψ, is the angle between the binary orbital axis and the stellar
rotation axis.
2 The sky-projected obliquity, λ, is defined as the angle between
the projections of the orbital and rotation axes on the sky.
3 KOI - Kepler object of interest.
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Figure 1. The left panel shows the lightcurve phase-folded on the orbital period of 152.8 days determined from the BLS search. To aid
viewing the eclipse we have limited the plot in phase to ±0.2. A smoothed version of the phase-folded data is given by the red dashed line
and near the eclipse the additional variability caused by tidal interactions can be seen between a phase of ±0.05. The right panel shows
the detrended lightcurve of KOI-3890, showing clear eclipses, where the different colours denote different quarters of data as indicated.
The vertical black dashed lines indicate the positions of the eclipses, and their expected locations in the event of there being a gap.
The second eclipse that should have been observed falls in the gap between Q3 (orange) and Q4 (pink). The eclipse at the start of Q9
(orange) is only partially observed.
is equivalent to a required minimum companion mass of
M > 0.0097 ± 0.0014M. This minimum mass is equivalent
to M > 10.2MJ, and whilst this theoretically allows for a
planet-mass object (M . 13MJ; Burrows et al. 2001) this is
more likely to be a binary star system.
KOI-3890 was observed near-continuously for the 4 year
duration of the Kepler mission in long cadence (∼30 minutes)
mode. Kepler detected a transit-like feature at a period of
152.8 days, and the system was flagged as a KOI. The long
cadence (∼30 min) Kepler lightcurve was downloaded from
the Mikulski Archive for Space Telescopes (MAST)4 and de-
trended with a moving median filter with a width of 20 days
to ensure the eclipses were unaffected. The lightcurve was
also clipped at the 4σ level about the moving median.
2.1 Eclipses
A box least-square (BLS) period search algorithm (Kova´cs
et al. 2002) was used to detect the eclipses. The detrended
lightcurve is shown in Fig 1b, whilst the lightcurve folded
on the orbital period obtained from the BLS (152.8 days)
is shown in Fig 1a. In Figure 1b, two of the ten potentially
visible eclipses during the Kepler mission are shown to be
missing or only partially observed due to falling in gaps be-
tween quarters. If the lightcurve is folded on the period found
by the BLS algorithm, it is clear that there is additional out
of eclipse variability near to the phase of eclipse. The vari-
ability is shown in Fig 1a and is consistent with tidal inter-
actions, as discussed in more detail in Sec 5. No secondary
eclipses are detected in the data due to the geometry of the
orbit (as explained in Sec 7), as the impact parameter of the
secondary eclipse is much greater than one.
4 https://archive.stsci.edu/index.html
2.2 Spectroscopy
In addition to the space-based Kepler observations, we ac-
quired spectroscopic data using the Tillinghast Reflector
Echelle Spectrograph (TRES) (R = 44, 000, λ = 3900−9100Å;
Szentgyorgyi & Fure´sz 2007) on the 1.5-metre Tillinghast
telescope at the Fred L. Whipple Observatory to measure
radial velocities for the system. The TRES spectra were re-
duced and analysed using the techniques outlined in Buch-
have et al. (2010). Multi-order velocities were derived by
cross-correlating each spectrum, order by order, against
the strongest observed spectrum (which had a signal-to-
noise per resolution element of 29). Estimates of Teff, log g,
[m/H] were obtained using the Spectral Parameter Classifi-
cation (SPC) technique described in Buchhave et al. 2012,
whereby an observed spectrum is cross-correlated against
a grid of synthetic spectra based on Kurucz (1992) model
atmospheres. The asteroseismic value of log g was used as
a prior (such that the log g was fixed to the asteroseismic
value), and [m/H] (the relative metal abundance) was as-
sumed to be equivalent to the metallicity [Fe/H], the values
are given Table 1. However, a reliable estimate of v sin i was
not able to be made for this system. In total, 10 radial ve-
locity measurements were taken over 192 days, derived from
multi-order fitting to spectral templates. The data taken are
given in the Table 3.
In addition to the TRES observations, Lillo-Box et al.
(2015) collected 22 radial velocities using the CAFE spec-
trograph (Aceituno et al. 2013), a high resolution spectro-
graph (R = 59000−67000) in the optical range (4000−9000Å)
situated on the 2.2m telescope at Calar Alto Observatory.
Although the phase coverage of the CAFE observations are
rather limited they were also incorporated during the fit-
ting of a model to the data since they occupy a region in
phase that is not well covered by the TRES observations.
MNRAS 000, 1–11 (2018)
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The addition of the CAFE data trebled the available radial
velocity measurements, giving a total of 32 RV points (22
from CAFE and 10 from TRES).
3 ASTEROSEISMIC ANALYSIS
As a red-giant star, KOI-3890A exhibits solar-like oscilla-
tions, driven by the turbulent convection in the near sur-
face layers. We can use these oscillations to constrain the
internal and global properties of the star. In this work we
used the so-called “global” asteroseismic parameters: νmax,
the frequency of maximum oscillation power; ∆ν, the av-
erage large frequency spacing between modes of the same
angular degree ` and subsequent radial order n; and ∆Π the
period spacing. These parameters were extracted from the
frequency power spectrum using the method described below
(see also Kallinger et al. 2014; Kiefer et al. 2015; Lund et al.
2016 for additional details). For the extraction of the aster-
oseismic parameters we used the frequency power spectrum
of the detrended lightcurve (see Section 2) constructed using
the Lomb-Scargle periodogram (Lomb 1976; Scargle 1982)
as provided by the python package gatpsy (VanderPlas &
Ivezic´ 2015; Vanderplas 2015). Due to there only being a few
eclipses in the lightcurve, they were left in the timeseries.
This did not affect the asteroseismic analysis due to the fact
that the signal of the eclipses in the power spectrum is at
a lower frequency (< 10µHz) than the asteroseismic signal
(∼ 100µHz).
3.1 Global asteroseismic parameters
The first asteroseismic parameter we extract is νmax, which
is determined by fitting a model to the background of the
power spectrum. We adopted model H of Kallinger et al.
(2014), where the granulation background is modelled as
two zero-frequency-centered “super-Lorentzians”, where the
Lorentzian is raised to an exponent that is a free parameter
rather than the standard exponent of 2 or 4 (see Kallinger
et al. 2014), along with one additional “super-Lorentzian”
at very low frequency to account for any systematic effects.
Also included in the background fit is a Gaussian component
to account for the power excess due to the stellar oscillations
centred on the frequency of maximum power, νmax. The fit
was performed using MCMC and the python package emcee
(Foreman-Mackey et al. 2013), the final fit parameters were
taken as the median of the posterior distributions and the
uncertainties given by the 68.3% highest posterior density.
The final fit to the background is shown in Fig 2. The in-
set in the figure shows the autocorrelation function of the
power spectrum (ACF), used to identify the average large
frequency separation ∆ν, following Kiefer et al. (2015). A
Lorentzian was fitted to the ACF to determine ∆ν (the main
peak) and a conservative uncertainty was adopted as the half
width at half maximum of the fitted Lorentzian to account
for any addition deviations from the asymptotic pattern.
In addition to νmax and ∆ν, the period spacing (∆Π) of
the ` = 1 mixed modes was also used to recover the stellar
parameters. The mixed mode frequencies were extracted by
extending the method described in Davies & Miglio (2016),
where we fit the ` = 1 mixed modes in the three radial or-
ders around νmax at the same time (rather than using the
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Figure 2. The power spectrum of KOI-3890 is shown in black
alongside the fit to the background (excluding the Gaussian com-
ponent describing the power excess) in red. νmax is shown by the
blue dashed line. In the inset we present the ACF showing a clear
peak around ∆ν with the red shaded region showing 1σ errorbars.
Table 1. Global asteroseismic and spectroscopic parameters for
the red giant KOI-3890A.
KOI-3890A
νmax 104.3±0.3 µHz
∆ν 9.57±0.21 µHz
∆Π 77.6±0.6 s
Teff 4726±52 K
[Fe/H] -0.13±0.1 dex
loggastero 2.92±0.03 dex
δνrot,core 0.533±0.003 µHz
i 87.3+2.7−1.1 degrees
properties of the mode components we already extracted).
The priors on the parameters were all taken to be uniform
with the exception of the inclination angle which was taken
to be isotropic (p(i) ∝ sin i). The mode identification of the
star given this model is shown in Fig 3. The period spacing
was then extracted from these frequencies using the method
described in Hekker et al. (2018). Vrard et al. (2016) de-
rived a period spacing of ∆Π1 = 75.9 ± 0.6s for this star as
part of their ensemble work by taking the power spectrum of
the stretched power spectrum. We obtain a slightly higher
period spacing than Vrard et al. (2016), though still consis-
tent and both show that the star is ascending the red-giant
branch. To account for the difference in the methods, we
adopt the conservative uncertainty from Vrard et al. (2016)
on our period spacing value. The asteroseismic and spectro-
scopic parameters are summarised in Table 1.
MNRAS 000, 1–11 (2018)
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3.2 Rotational splittings and stellar inclination
angle
In addition to the global asteroseismic parameters, due to
the high signal-to-noise ratio of the oscillations the rota-
tional splittings and inclination angle can also be extracted
for this star. The derivation of the stellar inclination angle
(the angle between the rotation axis of the star and our line
of sight) using asteroseismology adopts the formalism de-
rived in Gizon & Solanki (2003). Since stars rotate, modes
of the same n and l and different m are not degenerate with
one another. In the case of non-radial (l > 0) modes the
relative amplitude of each component provides information
about the inclination angle of the star, whilst the frequency
difference provides the rotational splitting. For red giants,
the inclination angle and rotational splitting can be mea-
sured using l = 1 mixed modes. The inclination angle pos-
terior probability distribution was extracted from the fit to
the oscillation frequencies detailed in Section 3.1, giving a
value of i(◦) = 87.3+2.7−1.1. An estimate of the core rotation can
be attained from the rotational splitting of the modes (fol-
lowing the formulation of Mosser et al. 2018), as given in
Table 1. This is broadly consistent with the value obtained
by Gehan et al. (2018) of δνrot,core = 0.520±0.002µHz, allowing
for differences in formulation and method.
The frequency spacing between consecutive mixed ` = 1
modes in the power spectrum of the red-giant star is compa-
rable to the rotational splitting, which complicates the mode
identification. In order to check that we have the correct
mode identification, we investigate the rotational splitting
inferred from each radial order, which should be consistent
throughout. If overlapping modes are not assumed then the
rotational splittings decrease significantly as a function of
radial order, which is not physical. Therefore the interpre-
tation of overlapping modes is needed and the first guesses
in the peak-bagging have been updated accordingly.
Given the eclipsing nature of the system, it is also possi-
ble to determine the obliquity (ψ) of the system. The obliq-
uity of the system is related to the inclination angle through
the following equation (Fabrycky & Winn 2009; Morton &
Winn 2014)
sinψ cos φ = sin i cos λ cos ip − cos i sin ip, (1)
where λ is the sky-projected obliquity that can be deter-
mined from the Rossiter-MacLaughlin effect and φ is the
azimuthal angle of the system. Since the system is eclips-
ing, sin ip ≈ 1, and so cos ip ≈ 0. Following Morton & Winn
(2014), Eq 1 can be reduced to
sinψ cos φ ≈ cos i. (2)
Since we cannot distinguish between the angles i and pi −
i when inferring the inclination angle the negative sign in
Eqn. 1 can be ignored.
The azimuthal angle varies between −pi and pi, where
pi is defined as being along the line of sight (Fabrycky &
Winn 2009). The obliquity of the system can be estimated
from a Monte-Carlo approach using the inclination angle
posterior PDF extracted from the fitting. We also assume
that the azimuthal angle is distributed uniformly between
−pi and pi since from asteroseismology we cannot make any
inferences about it. The obliquity of the system was found
Table 2. Fundamental stellar properties from PARAM, quoted
uncertainties are the 68% credible interval.
KOI-3890A
M? 1.04 ± 0.06 M
R? 5.8 ± 0.2 R
Age 9.1+2.4−1.7 Gyr
to be ψ(◦) = 4.2+2.1−4.2, the posterior of which is shown in Fig 4.
This is consistent with alignment, meaning that the plane
of the orbit of the companion star is perpendicular to the
stellar rotation axis of the primary (e.g. the Earth has an
obliquity of ∼23◦ to its orbital plane).
4 STELLAR PROPERTIES
The global asteroseismic (including the observed ∆ν and pe-
riod spacing, ∆Π1), and spectroscopic parameters are used
as inputs to stellar models to recover the estimated stel-
lar properties of each component in the binary system. The
Bayesian code PARAM5 (da Silva et al. 2006; Rodrigues
et al. 2014, 2017) was used to recover the fundamental stel-
lar properties, using the MESA isochrones from Rodrigues
et al. 2017 (see section 2 of Rodrigues et al. 2017 for full de-
tails regarding the input physics used in the creation of the
models). In PARAM, ∆ν was calculated from theoretical ra-
dial mode frequencies using a weighted linear fit, where the
weights are inversely proportional to the distance between
the given frequency and νmax. This is to ensure that the com-
puted average ∆ν is a close as possible to the observational
value (see Rodrigues et al. 2017 for more information).
Using the above physics, we obtain the fundamental
stellar properties of the red giant, given in Table 2. These
will enable the characterisation of the companion star from
the orbital parameters derived using the radial velocity and
photometric observations.
5 LIGHTCURVE AND RADIAL VELOCITY
MODELLING
The transit and radial velocity data for KOI-3890 are mod-
elled simultaneously, using MCMC6 to sample the parameter
space. Only phases in the folded lightcurve of −0.2 < φ < 0.2
were retained when fitting the full unfolded transit photome-
try as the features caused by the tidal interactions occur near
the eclipse. The eclipses with incomplete phase coverage and
surrounding data were also removed from the lightcurve.
The radial velocity data were modelled as,
V(t) = γ + K
[
cos( f (t) + ω) + e cosω
]
, (3)
where f (t) is the true anomaly, e the orbital eccentricity,
ω the argument of periastron, K the radial velocity semi-
amplitude and γ is the zero point offset of the Doppler ve-
locities. The initial guess for the period was taken from the
BLS detection routine.
5 http://stev.oapd.inaf.it/cgi-bin/param
6 Using Python package emcee (Foreman-Mackey et al. 2013)
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Figure 3. A section of the KOI-3890 power spectrum showing the three radial orders used in the determination of the inclination angle.
Each mixed mode is denoted by a different colour per radial order. No central m = 0 components are seen indicating that the inclination
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Figure 4. Kernel density estimates (KDE) of the inclination angle posterior probability distribution (left panel) and obliquity (right
panel). The median value is shown by the solid red line, whilst the 68.3% highest posterior density (HPD) credible interval is encompassed
by the shaded region and dashed lines.
The Python package Batman (Kreidberg 2015) was
used to model the eclipse, based upon the transit model
of Mandel & Agol (2002). We assume that the secondary is
not a self-luminous body and we discuss this in more detail
in Section 7. Limb darkening parameters were taken from
Sing (2010), and were fixed in the transit model, using a
quadratic formulation for the limb darkening law. Additional
parameters σRV,CAFE and σRV,TRES are included to account
for any additional variance not accounted for in the original
observational uncertainties for the respective radial velocity
datasets. Since the Kepler observations are integrated over
30 minutes, the transit model is supersampled by a factor
5. If this is not done, the transit duration can be underesti-
mated (Kreidberg 2015).
The initial fit to the TRES radial velocity data indicated
the orbit was highly eccentric, with the eclipses being ob-
MNRAS 000, 1–11 (2018)
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Table 3. Radial velocity data taken with TRES used in this work.
Time (BJD) Velocity (ms−1) Uncertainty (ms−1)
2457171.774856 -1597.01 16.79
2457210.763886 0.00 41.42
2457237.798983 4006.68 22.57
2457289.755597 10216.62 46.41
2457296.785214 11074.15 47.32
2457304.778182 11853.78 41.42
2457319.633079 7545.42 32.03
2457349.598870 -2987.42 30.57
2457640.650105 -7313.28 41.35
2457932.777215 4686.70 53.45
served near periastron. For the final fitting, the TRES data
were combined with the CAFE radial velocities from Lillo-
Box et al. (2015), with an additional parameter included in
the fit to account for zero-point offset between the data sets.
5.1 Tidal distortion of primary
The phase folded lightcurve around the time of mid-transit is
shown in Figure 1a, where the additional flux variation just
outside the transit can be seen. As discussed previously, the
flux contribution from the secondary component is negligi-
ble. It can therefore be assumed that the flux variation is
originating from the primary (giant) star.
This additional flux variation appears to be indicative of
a heartbeat star, a type of tidally induced variation (Welsh
et al. 2011; Thompson et al. 2012b; Beck et al. 2014b; Sh-
porer et al. 2016; Penoyre & Stone 2018). For circular or-
bits (e = 0), this tidal effect is constant, raising a bulge on
the primary star. In the case of this highly-eccentric sys-
tem it produces ellipsoidal variation. For eccentric orbits,
the term “heartbeat” reflects the passing visual similarity of
the tidally induced variation to an echocardiogram.
The heartbeat is induced when the tidal distortions are
largest near periastron. Whilst this system has a fairly long
period, its eccentricity and the evolved nature of the pri-
mary star means that, at periastron passage, the separation
between the stars is only a few times the primary radius,
and so the secondary is able to raise a tidal bulge on the
primary.
The heartbeat flux modulation was modelled following
the prescription given in Kumar et al. (1995), adjusting for
the fact that we are modelling it as a function of the true
anomaly,
δF = S · 1 − 3 sin
2 ip cos2
[
f (t) − ω]
[R(t)/a]3
. (4)
In Eq 4, S is the amplitude of the flux variation, ip the
system inclination angle (known to be ip ∼ 90◦ since the
eclipse is observed), f (t) is the true anomaly, ω the argument
of periastron, and R(t)/a the distance between the two stars
as a fraction of the semi-major axis a, as a function of time.
R(t)/a can also be expressed as (Eq 1 Winn 2010a),
R(t)
a
=
1 − e2
1 + e cos f (t)
. (5)
The addition of the flux modulation into the lightcurve
modelling through the inclusion of Eqs 4 and 5 introduces
only one new parameter, the amplitude of the heartbeat
modulation S . All other parameters are already included
within the transit and radial velocity models.
The formulation for the heartbeat signal can produce a
wide variety of possible lightcurve modulations, due to the
possible orientations of the system in ip and ω (see Figure 8
of Thompson et al. 2012b). In the case of KOI-3890, the pres-
ence of eclipses indicates that the system is close to edge-on
(ip∼90◦), and so fitting the heartbeat modulation simultane-
ously with the transit model offers a tighter constraint on
ip.
An additional prior can be applied to the stellar density
due to the fact that the red giant primary shows solar-like
oscillations. The average large frequency separation ∆ν scales
to good approximation with the square-root of mean stellar
density (Tassoul 1980; Ulrich 1986), i.e.,
∆ν
∆ν
'
(
M
M
)0.5 ( R
R
)−1.5
'
√
ρ
ρ
. (6)
The mean stellar density can also be estimated from the
lightcurve using Eq 30 of Winn (2010a),
ρ? ≈ 3piGP2
(
a
R?
)
. (7)
where a/R? is taken from the transit fit.
During the fitting, the stellar density at each iteration
was constructed using Eq 7, and the asteroseismic density
(determined through PARAM) used as a Gaussian prior.
The priors used during the simultaneous fit to the radial
velocity and photometric data are given in Table 4.
6 RESULTS
The results of the combined transit, tidal and radial velocity
MCMC fit are listed in Table 5. Figure 5 shows the final fit
of the model to the data. As the upper panel of Fig 5 shows,
the tidal distortion of the primary would artificially boost
the eclipse depth if not properly accounted for. This can be
an important factor when determining the radius of the sec-
ondary since it will be overestimated if the tidal distortion is
not included. In the fully convective regime—M? . 0.33M
(Mann et al. 2015)—it is expected that the ratio of the mass
and radius of an M-dwarf is approximately unity (with re-
spect to the Sun, e.g. Demory et al. 2009). Therefore not ac-
counting for tidal effects would indicate a larger radius than
otherwise expected and could lead to the incorrect conclu-
sions.
In order to calculate the secondary mass, we make use
of the following expansion for K (e.g. Winn 2010b)
K =
1√
1 − e2
( P
2piG
)−1/3 M2 sin ip
(M1 + M2)2/3
, (8)
where M1 is the mass of the red-giant primary and M2 is the
mass of the M-dwarf companion. The secondary mass was
calculated by numerically solving Eq 8 with a Monte-Carlo
method that draws samples from the posterior distributions
of each parameter. The derived mass and radius of the sec-
ondary are given in Table 6.
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Table 4. Model prior distributions for the simultaneous fit to the
radial velocity and photometric data. Gaussian priors indicated
by N(mean,standard deviation), and uniform priors by U(lower
bound, upper bound). All logarithmic priors are in base 10.
Parameter Prior
P U(151, 153) (days)
log(R2/R?) U(−3,−1)
log(a/R?) U(0, 2)
T0 U(55025, 55035) (BJD)
b U(0, 1)
e cosω U(−1, 1)
e sinω U(−1, 1)
γTRES U(−100, 100) (km/s)
γCAFE U(−100, 100) (km/s)
log(K) U(−1, 2) (km/s)
σRV,TRES U(0, 10) (km/s)
σRV,CAFE U(0, 10) (km/s)
S U(−100, 100) (ppm)
ρ? N(7.09, 0.31) (kg/m3)
Table 5. Model parameters median values from the simultaneous
fit to the radial velocity and photometric data, and associated
uncertainties taken as the 68.3% credible interval.
Parameter Median Value
P 152.826 ± 0.0002 (days)
R2/R? 0.0444 ± 0.0002
a/R? 20.44 ± 0.28
T0 55030.411 ± 0.001 (BJD)
ip 85.3 ± 0.2 (deg)
e 0.645 ± 0.001
ω 108.7 ± 0.02 (deg)
γTRES 3.96 ± 0.20 (km/s)
γCAFE −30.6 ± 0.13 (km/s)
K 10.1 ± 0.3 (km/s)
σRV,TRES 0.53 ± 0.16 (km/s)
σRV,CAFE 0.14 ± 0.03 (km/s)
S −12.0 ± 0.1 (ppm)
Table 6. Derived mass and radius for the secondary from the fit
and the asteroseismic mass and radius of the primary. Both mass
and radius of the secondary are consistent with an M dwarf.
KOI-3890B
M2 0.23 ± 0.01 M
R2 0.256 ± 0.007 R
7 DISCUSSION AND CONCLUSIONS
In this work we have presented the analysis of the red-
giant/M-dwarf eclipsing binary system, KOI-3890. We have
determined the stellar parameters of both the primary and
secondary companion along with the eclipse parameters by
including tidal distortions into the fitting process.
We have made an assumption during the analysis that
it is valid to fit the eclipses as transits since we do not have
spectroscopic information regarding the properties of the M-
dwarf companion —to treat the M-dwarf as though it is not a
self-luminous body. This assumption can be justified by con-
sidering the relative flux contribution of the two components
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Figure 5. Phase folded final fit centred around time of mid tran-
sit including residual plots. In the upper panel, the lightcurve is in
black, with the final model shown dashed in red near the eclipse.
The two components of the lightcurve model are also shown, the
transit in blue, and the tidal model in green. In the lower panel
the TRES radial velocity data (black) and CAFE data (orange)
are shown phase folded and also centred around mid transit, with
the final model shown as dashed blue. The orange and blue shaded
regions correspond to the addtion variance terms (see Section 5)
for the CAFE and TRES data respectively.
in the system. Using the derived radius of the secondary and
assuming Teff,2 ≈ 3000K (see Kaltenegger & Traub 2009) we
obtain a luminosity of L2 ≈ 0.005L compared to L1 ≈ 15L,
a factor of almost 3000 in luminosity.
There is some tension present in the combined fitting
of the photometry and radial velocity data as can be seen
by the large unaccounted variance parameter needed for the
TRES data and by the systematic trends induced in the
TRES radial velocity data (see Fig. 5b). This is due to a
difference in eccentricity obtained from the photometry and
radial velocity. A fit to only the radial-velocity data yields
e = 0.608 ± 0.001 as opposed to the larger value favoured by
the photometry (as seen in the combined fit). This is because
the eccentricity can also be constrained in the photometry
through the heartbeat signal. We have much more data in
the photometric dataset than the radial velocity dataset and
so as a result the photometry dominates the fit leading to
the larger eccentricity. Welsh et al. (2011) also noticed this
type of discrepancy between the fit to the radial velocity
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data alone and a combined fit to both the photometry and
radial velocities.
We put forward two possible explanations for the dis-
crepancy in the eccentricities obtained from the radial ve-
locity data and the photometry:
(i) The observed radial velocities may not correspond to
the centre of mass of the tidally distorted star. The observed
data corresponds to the value integrated across the distorted
surface weighted by the intensity for each surface element,
which could distort the apparent eccentricity inferred from
the velocities.
(ii) The detrending of the data may affect the amplitude
and shape of the heartbeat signal in subtle ways that cannot
easily be identified, yet still lead to a different eccentricity
inferred overall.
Since the heartbeat signal offers a great ability to con-
strain the eccentricity, any additional physical features not
accounted for could potentially bias the eccentricity upwards
because the amplitude of the heartbeat scales with the ec-
centricity. This does not change the interpretation of the
system, but it means that we can only reliably say that
0.6 ≤ e ≤ 0.65 (this distribution is used in all simulations
requiring the eccentricity), where the lower limit is set by
the radial velocity data and the upper limit by the photom-
etry.
The mass of the companion has been computed using
the eccentricity from the combined fit (M2 = 0.23± 0.01M),
the radial velocity data only (M2 = 0.23 ± 0.01M) and
the eccentricity range we can infer 0.6 ≤ e ≤ 0.65 (M2 =
0.23 ± 0.01M). In all of these cases the mass of the M-
dwarf companion is consistent and the uncertainty in the
eccentricity measurement does not affect the mass measure-
ment. This is due to the dominant uncertainty coming from
the radial-velocity semi-amplitude K which is consistent be-
tween the combined and radial-velocity only fit. Hence the
eccentricity uncertainty does not affect the interpretation of
the system and so the mass of the companion given is for the
eccentricity range 0.6 ≤ e ≤ 0.65. However, these systematics
could also propagate through to the eclipse depth, thereby
affecting the radius of the secondary.
The presence of tidally-induced distortions of the pri-
mary star is clearly seen in the lightcurve of KOI-3890, and
these “heartbeat” events have been included in the eclipse
fitting. We do not observe any tidally-induced oscillations
in our data, but this have been observed in other systems
(e.g Guo et al. 2017; Hambleton et al. 2018).
As discussed earlier in Section 2, the lack of secondary
eclipses (the secondary passing behind the primary from the
observer’s perspective) is due to the inclination and eccentric
nature of the system. The impact parameter b for transiting
or occulting objects is given in Winn (2010a, Eq 7,8),
b =
a cos ip
R?
(
(1 − e2)
1 ± e sinω
)
, (9)
where eclipses are (+) and occultations (-) in the denomi-
nator. For KOI-3890, the eclipse impact parameter btran =
0.64±0.04, however for the secondary eclipse bsec = 2.5±0.1.
As a result, the M-dwarf does not pass behind the primary
during its orbit, and so no secondary is observed, since b ≤ 1
is required for an eclipse or secondary eclipse to occur.
It has been shown that some M-dwarfs in binary sys-
tems (where the parameters of both components can be pre-
cisely determined) show evidence of radius inflation com-
pared to stellar models (e.g. Birkby et al. 2012; Lo´pez-
Morales & Ribas 2005; and references therein). Magnetic
activity inhibiting convection and causing the star to “puff-
up” is a possible explanation to describe such behaviour
(Chabrier et al. 2007; MacDonald & Mullan 2013, e.g.) .
Feiden & Chaboyer (2012) favour a so-called “hybrid inter-
pretation”, whereby they suggested that alongside magnetic-
activity. Radius inflation could also be a result of unseen sys-
tematics in the determination of the radius. This could come
about because almost all measurements of M-dwarfs come
from close binaries where the components are tidally locked,
active and rapidly rotating. However, Kesseli et al. (2018)
show that neither rotation nor binarity are responsible for
the observed inflated radii.
Since the majority of cases where accurate M-dwarf
masses and radii are available generally come from the afore-
mentioned eclipsing systems, there are only a small num-
ber since they must be close-by to be analysed with cur-
rent instrumentation. Parsons et al. (2018) showed that an-
other useful regime for inferring M-dwarf properties is M-
dwarf/white-dwarf eclipsing systems. They analysed 23 such
systems, finding that around 75% of their sample were in-
flated compared to theoretical models.
KOI-3890 provides a means to look at M-dwarf prop-
erties in a very different regime to the generally close-in,
short-period M-dwarf/M-dwarf eclipsing systems (e.g. De-
mory et al. 2009). We do, however, note that this is a spe-
cial case since it is in a position that is highly influenced
by the red-giant primary (due to the close proximity at pe-
riastron). The general idea of using the red-giant/M-dwarf
regime is still valid, since the application of asteroseismology
to such eclipsing binary systems can help provide additional
constraints to M-dwarf stellar models, especially in the fully-
convective regime where the models typically struggle to re-
produce the observations. The effect of systematics is some-
thing we have already touched on regarding the inclusion of
the tidal distortion in the modelling of the eclipse. We can
assess whether the M-dwarf companion in our system agrees
with stellar models by comparing the derived mass and ra-
dius with the models from Baraffe et al. (2015) at a similar
age. The closest stellar models in age to our system are those
at 8 Gyr and 10 Gyr, however the mass and radius of the M-
dwarf do not change significantly over this period and so we
compare to the model at 8 Gyr. Whilst the radius for KOI-
3890B is larger than the predicted value from the models,
R?/Rmodel = 1.06±0.05, it is consistent with the model at just
over the 1σ level. The models were, however, computed for
solar metallicity and since KOI-3890 is slightly metal-poor
when compared to the Sun (if we assume the M-dwarf has
the same metallicity as the red giant primary) this may have
an additional effect.
Alongside providing good constraints on the mass and
radius of the M-dwarf companion through asteroseismology,
it is also possible to place constraints on the age of the sys-
tem, of 9.1+2.4−1.7 Gyr. This is difficult for the case of the M-
dwarf/M-dwarf eclipsing systems as they are reliant on the
low-mass stellar models which are known to suffer from in-
consistencies in the fully-convective regime. In addition, the
change in luminosity and effective temperature as a function
of age is very small making it more difficult to constrain M-
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dwarf ages from stellar models. Whereas for KOI-3890, we
can take advantage of the advances made in the modelling
of red-giant stars using asteroseismic constraints to provide
an age for the system. Even though the system is a single-
lined spectroscopic binary, the asteroseismic constraints can
help make up for the loss of information by yielding indirect
estimates of the companion properties.
As an eccentric binary around an expanding red-giant
star, it is interesting to explore the potential future evolution
of the system. As the primary continues to ascend the red
giant branch, the models used in Sec 4 predict that a ∼1M
star reaches a radius of ∼160R (0.75AU) at the tip of the
red giant branch. The current separation of the two stars
at periastron is Rperi = 7.25 ± 0.10R?, or 0.19 ± 0.01AU, and
as such, the two stars will meet during the ascent of the
primary star up the giant branch.
What configuration the orbit of the secondary will end
up in is determined by the rate of tidal circularisation for
the system. If the rate is high, then the orbital energy (and
momentum) of the M-dwarf will be dissipated in the deep
convective zone of the primary, as will the orbital eccentric-
ity. To estimate the tidal circularisation timescale for a star
with a convective envelope we used Eq 16 of Claret et al.
(1995), i.e.,
τcirc = (1.99 × 103yr)M3 (1 + q)
5/3
q
L−1/3λ−12
P16/3(days)
R22/3
(10)
In the above equation M, R and L are the total stellar
mass, radius and luminosity in solar units, q is the mass
ratio of the components (M?/M2). λ2 is known as the tidal
constant and is related to the internal structure of the star.
We take a representative value from Claret et al. (1995) of
λ2 = 0.006 (see their Fig 3).
Assuming the orbital period, P, has remained con-
stant throughout the history of the system, τcirc during
the main sequence lifetime would have been far greater
than the expected main sequence lifetime of the red giant
(τcirc ≈ 2 × 1017yr). The main sequence luminosity and ra-
dius have been estimated using the relations L ∝ M3.9 and
R ∝ M0.8, taking M from Table 1, neglecting any mass loss
throughout the star’s lifetime thus far.
As the primary ascends the red giant branch, τcirc will
dramatically decrease, due to the strong dependence on R
(and to a lesser extent, the dependence on L). At the present
epoch τcirc ∼ 9 × 1011 Gyr. Only when the system is signif-
icantly more evolved does the radius dependence overcome
the period dependence of Eq 10. For instance, assuming P
does not change before R? = Rperi then τcirc ∼ 2 × 105yr
when the stars come into contact. As the primary contin-
ues to evolve the M-dwarf may become embedded in the
expanding envelope, leading to mass transfer between the
stars in a common envelope phase. Additionally the strong
drag forces on the secondary in such a configuration may
lead to the ejection of the common envelope, and a signifi-
cant decrease in the orbital period. Since the M-dwarf will
encounter the expanding envelope before the primary has
reached the tip of the RGB, the primary will not have gone
through the helium flash. In the event that the common en-
velope is ejected, the helium core may be exposed as a sdB
star, and the binary left in a close orbit, thus providing a
mechanism for the formation of sdB stars. If the drag on the
M dwarf is sufficient before the ejection of the envelope, the
red giant core and the M-dwarf could collide or merge inside
the common envelope.
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